While NaNO 2 addition can greatly inhibit the corrosion of carbon steel and ductile cast iron, in order to improve the similar corrosion resistance, ca. 100 times more NaNO 2 addition is needed for ductile cast iron compared to carbon steel. A corrosion and inhibition mechanism is proposed whereby NO 2 − ion is added to oxidize. The NO 2 − ion can be reduced to nitrogen compounds and these compounds may be absorbed on the surface of graphite. Therefore, since nitrite ion needs to oxidize the surface of matrix and needs to passivate the galvanic corroded area and since it is absorbed on the surface of graphite, a greater amount of corrosion inhibitor needs to be added to ductile cast iron compared to carbon steel. The passive film of carbon steel and ductile cast iron, formed by NaNO 2 addition showed N-type semiconductive properties and its resistance, is increased; the passive current density is thus decreased and the corrosion rate is then lowered. In addition, the film is mainly composed of iron oxide due to the oxidation by NO 2 − ion; however, regardless of the alloys, nitrogen compounds (not nitrite) were detected at the outermost surface but were not incorporated in the inner oxide.
Introduction
Since the operation period of nuclear power plants around the world increases each year, the degradations in buried pipes have become an important issue in the nuclear power industry. Many reports have been carried out on the degradation of buried pipes, such as the lining damage of buried pipe for a component cooling seawater system at Hanul #1 unit (Korea), 1998 [1] , the leakage of buried pipe for a fire protection system at Hanbit #4 unit (Korea), 2006 [2] , and the cooling water leakage (ca. 2.27 m 3 ) at Indian Point #2 unit (USA), 2009 [3] . In the case of buried pipe, its corrosion environment differs from that of air-exposure pipe. While the interior of the pipe becomes corroded by fluids, the outside undergoes mechanical and chemical damage from the soil. Also, even though leakage occurs in the buried pipe, it is very difficult to determine the reason for the leakage and to fix it timely because of a lack of accessibility. Various pipes of ca. 30∼40 km per unit of nuclear power plant have been buried and operated, and depending on the application system and water chemistry, they are separately maintained as the large diameter pipes and the other pipes. Large diameter pipes are installed to convey the primary cooling seawater system, the secondary cooling seawater system, and the circulating system, the cooling water of which is seawater [4, 5] . About 70% of pipes are Prestressed Concrete steel Cylinder Pipe (PCCP) and Prestressed Concrete Pipe (PCP). Another pipework has been installed for conveying water for the fire-fighting system, which was made of carbon steel or cast iron [6] . The types of damage that can occur in buried pipe include leakage, fracture, blockage, and deformation by mechanical impact. Secondary damage 2 Advances in Materials Science and Engineering CS: carbon steel, ASME SA106 Gr.B; DCI: ductile cast iron, KS D4311.
then occurs, including general corrosion, pitting, microbial induced corrosion, scale buildup, multiplication of microbial, and fatigue. Therefore, several corrosion control methods such as painting and coating, electrical protection, and the use of corrosion inhibitors have been applied [7] [8] [9] . Carbon steel and cast iron used in a closed cooling system may be corroded. In order to control this type of corrosion problem, corrosion inhibitors such as nitrite, silicate, molybdate, and hydrazine have been used among them; nitrite is widely used because of its excellent performance. Many reports have been presented on corrosion inhibition by nitrite, including Fe 2 O 3 formation on steel by nitrite addition [10] , adherent protective oxide on steel [11] , correlation of oxygen and nitrite on steel corrosion [12] , comparative study of nitrite including various inhibitors on steel [13] [14] [15] , and inhibition effect of nitrite on steel with time [16, 17] . Nitrite as an anodic inhibitor has a tendency to increase anodic polarization and thus increase corrosion potential to a noble direction and decrease the corrosion current. Since nitrite contains a strong oxidizing power, it oxidizes the surface and forms Fe 2 O 3 [18] . Formation rate of protective film due to nitrite is very fast and thus among the several corrosion inhibitors, nitrite shows good performance [19] .
On the other hand, ductile cast iron has a very different microstructure to that of carbon steel. Spheroidized graphite forms in the matrix and galvanic corrosion occurs between the matrix and graphite. Also, cast iron does not have high corrosion resistance to various corrosion environments and it should be protected by a coating. As described above, many reports have been presented on the corrosion inhibition of carbon steel but there are few reports on cast iron. Therefore, in this work, corrosion inhibition effects of nitrite on carbon steel and ductile cast iron for nuclear power plant pipework using chemical and electrochemical methods were evaluated. This work attempts to clarify the corrosion inhibition mechanism between steel and iron by NaNO 2 addition.
Experimental Procedure

Materials and Corrosion Environments.
Commercial carbon steel (ASME SA106 Gr.B) [20] and ductile cast iron (KS D4311) [21] were used in this work, and Table 1 shows the chemical composition of the experimental alloys.
The test solution was simulated primary cooling water used in the nuclear power plant. The standard solution was 1.6 ppm NaCl and its pH was modified with 1 N NaOH solution and the range of pH 9 ± 0.2 was controlled. NaNO 2 as a corrosion inhibitor was added as a ppm order.
Corrosion Tests
Immersion Corrosion Test.
A specimen was cut to a size of 20 × 20 × 5 mm and each surface was ground using #120 SiC paper. Immersion tests were carried out in a stagnant solution condition (500 mL glass flask) and in a circulating solution, in which test chamber has a dimension of 50 × 100 × 50 cm and the flow rate was 5 L/min. After the immersion tests, each specimen was cleaned with acetone and alcohol and was then dried; the corrosion rate was then determined.
Electrochemical Tests.
Specimens were cut to a size of 20 × 20 mm and, after electrical connection, they were epoxy-mounted and the surface was ground using #600 SiC paper and coated with epoxy resin, except an area of 1 cm 2 . A polarization test was performed using a potentiostat (Gamry DC105) and the reference electrode was a saturated calomel electrode and the counter electrode was Pt wire. The test solution was deaerated using nitrogen gas at the rate of 100 mL/min for 30 minutes and the scanning rate was 0.33 mV/sec. In order to measure the AC impedance, the specimens were ground using #2,000 SiC paper and then polished using a diamond paste (3 m). The test solution was the same as that of the polarization test. AC impedance measurement was performed using an electrochemical analyzer (Gamry EIS 300). Before measuring, passivation was treated at +400 mV(SCE) for carbon steel and 0 mV(SCE) for ductile cast iron for 30 minutes. AC impedance was measured at a passivation potential from 10 kHz to 0.01 Hz and the AC voltage amplitude was 10 mV. Also, a Mott-Schottky plot was prepared to determine the semiconductive properties of the passive film. The specimen preparation was the same as that for AC impedance measurement and the DC amplitude was 10 mV (peak-to-peak) at 1,580 Hz of the AC frequency [22] . The capacitance was measured at the scan rate of 50 mV/sec from +1 V(SCE) to −1.5 V(SCE).
Surface
Analysis. X-ray photoelectron spectroscopy (XPS, K-alpha (Thermo VG, UK), Al-K (1486.6 eV, 12 kV, 3 mA)) was analyzed to determine the chemical state of several species of the passive film. The specimen was cut to a size of 20 × 20 × 5 mm and then ground with #2000 SiC paper and polished with a 3 m diamond paste; the specimen was finally cleaned with alcohol using an ultrasonic cleaner. Carbon steel and ductile cast iron were passivated by immersion for 24 hours in 1,000 ppm and 100,000 ppm NaNO 2 , respectively. The depth profile was obtained every 5 seconds by Ar-sputtering. Also, an Electron Probe Micro Analyzer (EPMA, EPMA-1600, 15 KV) was used to identify the elemental distribution of the passivated surface. Optical Microscope (OM, Zeiss Axiotech 100HD) and SEM-EDS (Tescan Vega II LMU) and a 3D microscope (Zeiss KH-7700) were used.
Corrosion Simulation.
In order to determine the difference in galvanic corrosion between the matrix and spheroidized graphite of the ductile cast iron, computer simulation was performed using COMSOL Multiphysics software. Tafel slopes of anodic and cathodic reactions were used and the rate controlling equation applied in this modeling was the secondary corrosion condition. Figure 1 shows the effect of NaNO 2 addition on corrosion rate in circulating and stagnant simulated cooling water in the air at 25 ∘ C. In the case of carbon steel, increasing NaNO 2 concentration reduced significantly the corrosion rate of carbon steel. When the inhibitor was absent, the rates of stagnant and circulating solutions were 0.23 and 0.48 mm/year, respectively. Also, the effect of nitrite ion was stronger in the circulating solution than in the stagnant solution. However, in the case of ductile cast iron, the effect of nitrite addition was similar to that of carbon steel, but the similar corrosion inhibition of ductile cast iron needs a significant addition of NaNO 2 . When the inhibitor was absent, the rates of stagnant and circulating solutions were 0.47 and 0.84 mm/year, respectively. Even though the NaNO 2 addition was increased, the corrosion rate of ductile cast iron showed relatively higher values than those of carbon steel. The corrosion of carbon steel can be inhibited at near 100 ppm NaNO 2 addition, but the corrosion of ductile cast iron can be inhibited by an addition of more than 10,000 ppm NaNO 2 . Moreover, while the corrosion of carbon steel can be inhibited more readily by the circulation of the solution, the circulation facilitated the corrosion of ductile cast iron.
Results and Discussion
Effect of Nitrite Concentration.
The open circuit potential with immersion time by NaNO 2 addition in circulating (solid symbol) and stagnant (open symbol) simulated cooling water in the air at 25 ∘ C was shown in Figure 2 . Regardless of the alloys used and the circulation of solution, the open circuit potential of the specimen without NaNO 2 addition decreased with immersion time. However, the open circuit potential of the specimen with NaNO 2 addition increased and its tendency depends on the alloys. In the case of carbon steel, an addition of 100 ppm NaNO 2 increased the open circuit potential and the circulation stimulated its rate. Also, in the case of ductile cast iron, a greater concentration (about 100 times) of NaNO 2 is needed for a similar effect of NaNO 2 addition.
The effect of NaNO 2 addition on the polarization behavior in deaerated simulated cooling water at 25 ∘ C was revealed in Figure 3 ; the scanning rate was 0.33 mV/s. When NaNO 2 is not added, carbon steel and ductile cast iron dissolved readily without the passivation by anodic polarization. With 10 and 100 ppm NaNO 2 additions, carbon steel revealed activepassive transition, but the passive current density was high and transpassive behavior occurred. Ductile cast iron did not show an active-passive transition until a 10,000 ppm NaNO 2 addition. From a 1,000 ppm NaNO 2 addition, carbon steel showed excellent passivation behavior, but the ductile cast iron revealed the best passivation curve from 100,000 ppm NaNO 2 addition. This tendency is coincident with the result of the immersion test shown in Figure 1 . Figure 4 shows the corrosion rate due to the NaNO 2 addition obtained from the immersion test (circulation condition) shown in Figure 1 and the current density was obtained at +400 mV(SCE) as shown in Figure 3 . Regardless of the chemical or electrochemical tests, the corrosion of carbon steel can be inhibited by a small NaNO 2 addition (ca. 1,000 ppm), but the corrosion of ductile cast iron could be only inhibited by a significant NaNO 2 addition (ca. 100,000 ppm). That is, it was demonstrated that the difference in the NaNO 2 addition needed between carbon steel and ductile cast iron was about 100 times.
In order to determine the resistance of the passive film formed on the surface of carbon steel and ductile cast iron by NaNO 2 addition, the AC impedance was measured. Figure 5 shows the effect of NaNO 2 addition in Nyquist plot obtained from AC impedance measurement at +400 mV(SCE) for carbon steel and 0 V(SCE) for ductile cast iron in deaerated simulated cooling water at 25 ∘ C. In the case of carbon steel, a stable passive film could not be formed with a 10 ppm NaNO 2 addition and very small impedance (15.6 kohm) was thus shown. A 100 ppm NaNO 2 addition formed a passive film, but its polarization resistance was small (194.6 kohm). However, a stable passive film (442.5 kohm) was formed with a 1,000 ppm NaNO 2 addition. In the case of ductile cast iron, a stable passive film (333.7 kohm) was formed with a 100,000 ppm NaNO 2 addition. As shown in Figures 1 and 4 , the difference of corrosion inhibition between carbon steel and ductile cast iron due to the NaNO 2 addition was closely related to the formation of a stable passive film on the surface.
Corrosion Inhibition Mechanism of Carbon Steel and
Ductile Cast Iron by Nitrite Ion. It was revealed that the difference in the effect of corrosion inhibition due to NaNO 2 addition between carbon steel and ductile cast iron was about 100 times through the immersion test and electrochemical tests as described above. As shown in Table 1 , the significant difference in the composition between the two alloys is carbon content. Figure 6 shows optical microstructures and SEM images for carbon steel and ductile cast iron. In the case of carbon steel, ferrite and pearlite phases can be observed. However, in the case of ductile cast iron, spheroidized phases were formed in the ferrite matrix and the spheroidized phase was shown to be graphite by SEM-EDS analysis. These pictures show the typical microstructures of carbon steel and ductile cast iron. In order to determine the effect of NaNO 2 addition on the corrosion morphologies of ductile cast iron after immersion, the corroded surface was observed. The effect of NaNO 2 addition on the surface appearance of ductile cast iron after the immersion test in simulated cooling water for 3 hours at 25 ∘ C was presented in Figure 7 ; Figure 7 (a) shows the addition of 0 ppm NaNO 2 and Figure 7(b) shows the addition of 10,000 ppm NaNO 2 . When no NaNO 2 was added, the ductile cast iron was generally corroded on the entire surface. However, when 10,000 ppm NaNO 2 was added (this addition of which is not sufficient to inhibit corrosion of ductile cast iron as shown in Figures 1 and 3) , the iron was corroded locally near the spheroidized graphite and the corroded areas were agglomerated. Figure 8 shows the corrosion morphologies of ductile cast iron in which ductile cast iron was corroded for 3 hours in stagnant simulated cooling water (10,000 ppm NaNO 2 ) at 25 ∘ C. Figure 8 (a) shows the surface contour using a 3D microscope and local corrosion near the spheroidized graphite was confirmed. Figure 8(b) shows an SEM image of the corroded area, showing that it was corroded spherically near the graphite, and then finally the graphite had chipped off. Also, corrosion products and even cracks were observed near the chipped-off graphite. These figures show that galvanic corrosion took place in the ductile cast iron. It is well known that graphite is nobler than matrix iron [23] .
The galvanic corrosion between graphite and matrix iron was simulated using a COMSOL Multiphysics program. Anodic and cathodic Tafel slopes (+108 mV and −206 mV, resp.) were applied to calculate the corrosion behavior of the corroding and noncorroding areas. Figure 9 shows computer 3D simulation results of the corrosion propagation of ductile cast iron occurring in stagnant simulated cooling water (10,000 ppm NaNO 2 ) at 25 ∘ C. At the initial stage (0 hour), the potential difference between graphite (the center) and matrix (left and right) is shown by the blue and red colors, respectively. By increasing the immersion time, the matrix near the graphite corroded and the corrosion depth was increased; its depth was greater near the graphite. simulation result differs from that shown in Figure 8(b) . This difference could be due to the characteristics of the graphite.
(However, it should be noted that the COMSOL Multiphysics program does not simulate the mechanical damage in galvanic corrosion.) The crystal structure of graphite is covalent bonded with neighboring atoms in the same layer, although layers are van der Waals bonded together [24, 25] and thus the bonding force of graphite is very weak. Therefore, it is considered that the matrix is corroded galvanically and that the graphite is protruded and then graphite is peeled off layer by layer because of the weak bonding force of graphite. Figure 10 shows the elemental distribution analyzed using EPMA on the surface of ductile cast iron passivated in simulated cooling water (100,000 ppm NaNO 2 ) at 25 ∘ C for 72 hours. The SEM image clearly shows the microstructure of ductile cast iron. Fe was depleted in the graphite area and carbon was concentrated as spheroidized shapes. Also, while oxygen was detected on the entire surface, it was particularly concentrated on the graphite area and dim spots of nitrogen were detected. Figure 11 shows the elemental distribution analyzed using EPMA on the surface of ductile cast iron corroded in simulated cooling water (10,000 ppm NaNO 2 ) at 25 ∘ C for 72 hours. The SEM image shows the locally corroded morphology as seen in Figure 7 (b). Fe was not uniform and this is related to local corrosion. However, the carbon distribution was very different to the fully passivated surface as shown in Figure 10 (c). While spheroidized graphite was not observed, destroyed graphite and its location were identified; this result provides the evidence that graphite can be peeled off layer by layer as discussed above. Oxygen was detected more on the Fe-depleted areas and dim spots of nitrogen were detected. This oxygen comes from the sufficient NaNO 2 . It will be discussed below. The depth profile on the passivated surface was obtained using XPS to determine the role of nitrite ion on the passivation of steel and iron. Figure 12 shows the depth profile using XPS on the passive film of carbon steel passivated for 24 hours in simulated cooling water (1,000 ppm NaNO 2 ) at
25
∘ C. Oxygen and nitrogen were enriched at the outer surface and Fe drastically increased with etch time. Figures 12(b) and 12(c) show that iron oxide was enriched at the outer surface. Nitrogen was only detected before sputtering and was not detected at any sputtered depths. This provides evidence that nitrogen is present only on the outermost surface, even with the NaNO 2 addition to the solution. Figure 13 shows the depth profile using XPS on the passive film of ductile cast iron passivated for 24 hours in simulated cooling water (100,000 ppm NaNO 2 ) at 25 ∘ C. Oxygen and nitrogen were enriched at the outer surface and Fe is drastically increased with etch time. Figures 13(b) and 13(c) show that iron oxide was enriched at the outer surface. Nitrogen was only detected before sputtering and at 10 seconds' etch time and was not detected at any sputtered depths. This provides evidence that nitrogen is present only on the outermost surface, even with the NaNO 2 addition to the solution. However, nitrogen of passivated ductile cast iron was detected at a slightly deeper depth than that of the passivated carbon steel. This behavior seems to be related to the corrosion and passivation between graphite and matrix in ductile cast iron. [ 26, 27] . However, it should be noted that the chemical states of nitrogen on the passivated surface are not easy to identify by XPS. Therefore, as discussed above, corrosion and its inhibition model can be proposed as follows. Figure 15 shows the corrosion and inhibition steps of ductile cast iron with nitrite addition. When no corrosion inhibitor is used, general corrosion and galvanic corrosion occur simultaneously and thus the surface may show relatively uniform corrosion (Figure 15(a) ). Also, when the amount of corrosion inhibitor is insufficient (e.g., 10,000 NaNO 2 ), some area may be passivated (red line) and galvanic corrosion can occur; finally, the iron then reveals localized corrosion (Figure 15(b) ). However, when a sufficient corrosion inhibitor (e.g., 100,000 ppm NaNO 2 in Figure 15 (c)) is used (even though galvanic corrosion between graphite and matrix has occurred), the entire surface can be passivated and thus corrosion can be inhibited. Also, it should be noted that NO 2 − ion is used to oxidize the matrix and can itself be reduced to nitric oxide; this compound can be absorbed on the surface of graphite and thus the enriched nitrogen compounds could be detected in the EPMA and XPS results. Therefore, since nitrite ion needs to oxidize the surface of the matrix and needs to passivate the galvanic corroded area and since it is absorbed on the surface of graphite, a larger amount of corrosion inhibitor is needed for ductile cast iron than for carbon steel.
On the other hand, passivated film of various alloys exhibits semiconductive properties [28] [29] [30] . Acquisition of Mott-Schottky plots is a usual way for semiconductor materials electrochemical characterization. Mott-Schottky plot (inverse square of space charge layer capacitance, sc −2 , versus semiconductor electrode potential ) gives doping density by slope of the straight line and flat band potential by intercept [31] . A positive slope in the plot indicates the N-type semiconductive properties. Figure 16 shows a Mott-Schottky plot of the effect of NaNO 2 addition for the passive film formed in deaerated simulated cooling water at 25 ∘ C. Regardless of the alloys, the increasing inhibitor concentration strengthened the N-type properties. Also these plots revealed the N-type semiconductive properties of the passivated surface film due to nitrite addition.
Conclusions
(1) While NaNO 2 addition can greatly inhibit the corrosion of carbon steel and ductile cast iron, in order to improve the similar corrosion resistance, ca. 100 times more NaNO 2 addition is needed for ductile cast iron than for carbon steel. A corrosion and inhibition mechanism is proposed whereby NO 2 − ion is added
